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The theory, design, and effect op cooling of the copstant-
velocity axial-flov fa.n a8 relat.ed. to the problem. of. high-altitude .
alroraft engins cooling are discusasd in the.present report. The
existing theory of.the axial-flovw fan, including & discussion of- -
the fan losses, is summarized,. Nondimensiongl design and: performw
ance formulas are developed. for stator-rotor, rotor-stater, and & ‘:
rotor-alons fan combinations. Chgrts based on these.formulas are
given to facilitate performence estimates and design. Some illus- .
tratiye fan designs are made for an altituds of 40,000 feet.
Finelly, the. effect of e fan on cooling pwor is quantitativoly
discussed and illustrated. o

'i'ha reaults of the pruent atnd.y 1ndioato that an a.x:lal £low
fan may be used to give'a moderate pressure . rise to a large flow
quantity of air; that existing theory providea a satisfactory basis
for the design of axilal-flow fans; that the use of stationary. guide
venes and. smell rotor tip clearances lg essential for efficient fan
design, thet further research .1s needed for the development of air-
foll sections especia.lly sultable for ‘use in high-speed, high-
801141ty rotors;.that the losses in 1nternal ocooling. power &t high
altitude are .large when the cooling ie marginal; and -that an .axial-
flow fan more .than pays for.itself in oooling -power saved when
cooling oonditiom are margina,l Y ) )

IRTRCDUCTIOR

As part of a general study of various..aspects of the problem
of h:lah-altitud.e engine cooling (see reference 1), the theory,
design, amd effect on cooling of the constant-velocity uial-ﬂov
fen are considered in the preésent report, .
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An axial-flov..fen may be-sffectively used as an engine-cooling
ald at high altitude, vwhere the nscessary cooling pressure is not
entirely available or where, if obtainable with large exit flaps
and flep deflections, the resulting dreg would be prohibitive.
Although the fan 1tself acts primarily to inocrease the pressure
of the air passing through it, several other beneficial effects
result from its use in an airplane..

First, the preasure increase of:the cooling air allows a decrease
in the ultinate kinetic energy of the cooling air following the air-
plane, The net power saved: in this way may be more than the power
required to drive the fan, with a resulting increase in propulsive
efficiency for the airplane as a whole. This effect will be dis-
ocussed quantitatively in a later section.

FPurthermore, an axial-flow fan mounted at the entrance of a
cowling ‘can d.ecreuse the lower limit of cowling inlet velocity
for smooth-entry flow and lmprove the axiel velocity distribution
around the Inside of the cowling. The reason probably lles in the
fact that-the pressure rise across a fan goes up if the flow through
i1t goes.down and vice verse; hence, any variationas in the axial
veloocity distribution in front -of the fan prod.uced. by bound.ary
layers or by the attitude of the airplane tend to .be ironed out by
sultable pressure giadients produced by the fan. .. It may alsp be
mentioned thdt 'a: fan at the entrance. of a cowling 1s subJject 'to_
tho same angle-of-attack effects as a propeller; thet 1a ,- 18 the’
fan axis 1s tilted upward relative to the incoming flow, the blades
on the downgoing side'are more highly loaded, and hence produce a
higher pressure rise, than the blades on the upgoing side,

The design of an axlal-flovw: fan must be carried out with ‘the
characteristics  of its power supply.in mind. There are three pri-
mary sources of power on an airplane in flight; nemely, the engine,
the engine exhaust gases, and the motion of the airplene relative
to the air. The corresponding devices for tra.nsferring this pover
to the fan would be a gear or direct drive from the engine, an
exhaust-gas turbine, and a windmill. Each device can be used
practicably to drive the fan end the cholce therefore depends on
conslderations of engine end cowling design.

The theory of the constant-velocity axial-flow fan operating
in an incompressible fluld, together with design formulas and
charts,. 1s presented in the sections immediately following. The
design procedure as well as the cooling possibilities at altitude
of the axlal~flow fan is then 1llustrated by the design of three
arrangements of single-stage axial-flow fan for operation at’
40,000 feet. The concluding section deals with the internal-
power losses in a cooling installation, with compressibility
effecta included.
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SYMBOLS..

Q dynmmic pressure (%'pvz)
static pressure

L}

Ap change of sbdtic prassure

Vv  veloocity ' CoE

V, Zfree-stream velocity N
p density

G maas flow per unit area -(pV)

Q quantity rate of flow

M mess rate of flow

H heat rate of flow

P power

n efficlency

8 cascade spacing

w relative veloclity

X x-direction (tangential) force per blade per unit spa.n:
Y y-direotip_g (axial) force per blade per unit span

1 mnife" per blade per unit spen

d  dreg per blade per unit spen
R e

Iy circulation

c blade chord

¢, s8eotlon 1ift coefficient
cqg seotion drag ooeffioie.nb

Op " section pressure coefflolent; also, specific heat at- -.
constant pressurs
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specific heat at constant volume

section torgque coefficient

radial location of blade element
nondimensional blede-element radial locetion (r/R,)
fan redius at outer section |
fan radius at hub asection

angular velocity

veloclity in rotational direct;on
rotational speed, revolutions per unit time
number of blades

rotation peremeter (wr/vVe)

circulation parameter (I'/cVe); also, ratio of specific
heats (cp/cy)

solidity (Bc/2xr)

torque; also, temperature

average c¢ooler temperature

angle of attack

blade angle meesured from zero lift line to fan plane
blade anglo meesurad from chord line to fan plane

relative strzmm angle msasured from relative velocity direction
to fan plane

Collar oasocade lift factor
Ruden cascade thickness correction
blade profile area

diemeter; also, reciprocal of profile aspect ratio (8/c2)
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a8, 8lope of section 111‘& ocurve

ay. angle of attack for zero lift

o
A cross-sectionel area

a speed of sound

Subsoripta:

4 fan

h  hud section :

r cooling resistg.nde'; alaé, roto:!":
o output; alao, out;r . |

[ total loss " |

i ideal; also, inlet-

a diffuser; also, drag l

m  momentuh .

) pressure

x x direction

y 3 d.:lre-c.tion :

entrance

fl upstresm of fan

f2 Adovnstream of.fan

2 cooling-reailstance énin‘a.noa
3 downstream of cooling resistanae
Je cooling-resistance exit '

4  ultimste exit condition
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[ stator; also, stagnation - . CL- -
t tip oclearance

max maximum

THEORY OF THE AXTAL-FLOW FANR

The axial-flow fan consiste essentlally of one or more sets of
rotating impeller vanes, herceinafter called "rotors," which may be
operated in conjunction with on= or more sets of stationary gulde
vanes, hereinafter called “"stators." (See fig. 1.) A rotor operating
alone increases the static pressure and puts kinetic energy of rota-
tion into the fluid paesing through it in the axial direction. A
stator may be used behind or downstream of the rotor to convert the
kinetlic energy of rotation into additional static-pressure ilncrease.
There is then a static-pressure rise across both rotor and stator.

A stator may, on the other hand, be placed ahead or upstreem of the
rotor as in figure 1. In this case the stator twlsts end reduces
the static pressure of the flow, which le then straightened and .
increased in pressure by the rotor.

The analysis of the axial-flow fan can be greatly simplified
i1f three effects are neglected. The first is concerned with the
various boundary-layor motions, the so-called secondary flows,
vwhich arise in response to the pressure gradients set up by the
fan operation. 8o far only a qualitative 1lneight into these
phencmena has been galned. (Bee reference 2, sec. V.) The second
effect 18 that of the radial velocitles produced by nonuniformity
of pressure increase over the fan area. Ruden (reference 2) has
investigated this effeot and gives a method of averagling the fan
blade-element characteristics calculated for zero radiel velocitles
for the determination of the over-all fan characteristics. At the
design operating point the design ctiterion is uniform total pres-
sure, with the result that radiael velocity camponents and a nonuni-
form energy distribution in the flow through the fan do not arise,
Radlal velocivles may therefore be neglected 1f the design operating
oonditions are adhcred to, For other-operating conditions, at which
radial velocities may not be negligible, the averaging method of
reference 2 can be used, Finally, the spanwise mutual interference
of the blade elements is neglected. This assumption 1s well Jjusti-
fied when the blade circulation is constant along the span (the
design condition) or when the number of blades is 1a.rge a8 in an
axial fan designed for high pressure Tise, )
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- .~ Consider the annular, ,a get of blades (f 2) included
“betweén the radial s‘hatidi:sm?:# i3 1& rot:ging “with -

..angular velocity ® in a flogy that has 'both an axial velocity
> Joomponent Vs and an 1nitial“Fsthtional veloocity component uj.
Positive directions are indicated by the arrows in the figure.
Under the assumptions mede, the annular set of blades may be - .
_ regarded as a two-d.imensional cascade of airfoils. It is desired
- o express the forces on &n alrfoll of the cascade in terms of a
1lift and drag force analogous, if possible, to the forces on an
isolated airfoil. To this end the cascade is regarded as station-
ary, its original velocity wr - being imparted in reverse to the
(< fluid. The equation ¢f continuity, Bernoulli's theorem, and the
' momentum. theorem are then applied to the fluid within the doundary
ABCDEF where ABC and FED are relative streamlines and AF
oaogid - (CD . are. .8gotions 1 apd 2 parallel .to the cascade direction.
uolnag affaecks are for the memgmt peglected, with the result that
the flow is uniform at the leetlomlnmz.

The equation of ocontinuity is aimply

ﬂ\'.-'-'.'_'.',-’. -u" o fi e vf = Constant ! Lt (l)

Bernouuui"-ﬂheoram for segtions 1 end 2 1s L EE et e

B A Y
y 1B cat P
.1'

bl «+ 1o [Vf + (r + ul)z] = Pp + 'Ep [Vrz +"'(mr_,4;"'u2')2]- (2)

_-.!['l_le 'ma_nan'l?um theorem gives the force components X' anmd ‘Y onl'the
blade :element per unit length of blade span. If it 1s -remembered
that the pressures at similar points on the streamlines ' ABC anid

- FED ere the seme and if the continuity oondition of equa:bion (1)
is used, then the momshtum equations are

T e
‘x d._ireetiq:;_(ta.ngen'_big.l) D -
X = peVg(u; - up) : .
? (3)
y.direction (axial)
CY - a(py - )
.,0r, using Bernoulll's equation (2),

Y= pq(txg -:'1;])2<-ior +-lf§"—-;—-u§> (4)
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The forces X ‘and ‘! mthaomponantuofa"liﬁ"perunitspm

.'.' ‘ -' 1 - m'r - :I- - (5)
where A : . .. -' - .
.J“ 3 .':;.':. N ' . ) ' r L0 5(‘11 - %) ".“- (6)
L A S L , - o
and ;. ¢ . .5 .. :
I..'I ,"-_ - , Jv‘r 'l'(‘ﬂr + U - T) "-'.r’ " (.7)
The cafosde -apacing. 6 .of squstions (3) and (4) ‘Yins Béer expiensed
in equation-(7) in terme of .%he eiroumference and ‘nuhbér ‘of Mos

The quantity I' defined by equation (6) is the eirculation
around the blade element. The velocity w is the mesan of the
reletive velocities upstream and dcwnstream-of the amnulus. For
large valuss of the ratio of blade spacing to blade chord &/c, 'the
velocity w apm'oximatea the actual flqw in which the blade element
eots. The 11ft "1 on the blade element acta.at right engles to the
mean relative velocity 'w,” in analogy with the 1ift,on an 4asclated
.airfeil.. In addition to the 1ift there is a profile drag d, .which
ia pxajstqmarih assumed’ to act in the direction of v vhoreas its
nagnitude must be given by experiment. . Although this assumption .

i in error, as discussed in the section "Fan Losses,”. it will be
at least temporarily retained because of ita sinplioity and beocause
the over-all error lg not large. " - -

With the mid of equations (5) and (2), the 1lift, the drag, and
the mean relative velocity oan be expressed nondimensionally. If
¢ is the local blade chord,

% _ %p\rzc v/Vg
, °“al'p:2¢,: I (9)
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_where

the rotation parameter

t'he eirculation parameter
the solidity B

. ‘. ) Bo
R .',Q' '-m

and the: mean relative.

AR

(10)

sBtream angle - is shown in figure 2. The

pressure rise Ap end the torque T per unit length- spanwise of
the rotor.-are obtained by resolving these forces parallel and
perpendioular to the fan axis. The nondimensional results are

- A
C. =ﬁ
P de

uj
=270 N + = - 22 V- gcy X
W( Vf 2) Cdvf

T
2rr

qu

'27U+°°d'v‘"’" N +
b ¢

The 'poﬁer output dP, of the annulus is
: - . 4Q = 2qrVedr
Thus, ' '

'ldro = meAPfd-r v

(11)

uy

Ve

-zg)
2

(12)

- AQAP .where -

" (13)
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and the power inmput to the amnulus is- -

dPy = Tw dr (14)
which gives a section efficiency of

Nop

These quantities, as well as the pressure and torque, mesy be suitably
integrated over the fan area; but due account should be taken of the
tip~oclearance losses disocussed later.

By using equations (8) and (10) the ciroculation parameter g
can be eliminated from equations (11) and (12), giving the pressurs
and torque in terms of known quantities and the 1ift and drag coef-
ficlents of the blade element. The problem thus resolves itself
into the determination of the angle of attack a of the blede
element relative to the mean flow w to give a 1lift coefficient
c; and the determination of the corresponding drag coefficient o4.
Befoars these questions.are taken up, the fan losees will be discussed
and the performance formules of various combinations of rotor and
stator derived.

FAN LOSSES

Three main energy losses end one potential source of energy
loss arise in the action of & rotor: (1) the profile-drag loases
on the blades, (2) the tip-clearance losses, (3) the inner-wall
losses, and (4) the rotational kinetic energy of the flow downstreem
of the rotor.

(1) The profile drag of the blade element has been approxi-
mately taken into account by a drag at right angles to the 1lift,
A more detalled analysis of a cascade, similar to that previously
given for the frictlonless case but including the effeot of a wake
that sterts from the trailing edge of each airfoil and passes down-
streem with graduelly increasing thickness, shows that equations (1)
and (2) must be altered, If the subscript 2 denotes the ultimate
downstreem condition in which complete mixing of the wake haa
occwrred, then equation (2) for the pressure rise has an additional,
esgentially positive term on the right-hand side. This term is a
function of the velooities end dimensions of the wake at an arbi-
trary downstreem location, end equation (2) shows that it is invari-
ant with respect to distance downstream from the cascade. It
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represents & d.rag in the axial direction. The 1ift, acting perpen-
dicular to the mean flow, is still ginn by equat:lona (5) to (7)
but, as noted, with the sibsoript 2 ' referring to ultimate down-
st.rean conditions. ) '

The resultant force on an airfoil in a cascade may of course
be resolved, although somewhat artificilally in view of the pre-
oeding remarks, into components in any direction. It was found
in reference 3 that, for a typical rotar blade, the profile-drag
coeffiolent in the mean-flow direction was greater than the iso-
lated sectiaon value by about 30 percent, and this fact will be
used in the section "Illustrative Fan Designs." It seems, however,
that drag measurements on airfoils in cascade ghould be presented
in terms of a more rigorous anslysis such as Just indipated.

(2) The tip-clearsnce losses-are usually much greater than
the profile-drag losses. They are- caused by flov leakage from
the high-pressure to the low-presswre side erourd the blede tip.
The loss in efficiency due to tip clearence 1s evidenced as a
reduction in pressure rise of the fan, the power teken by the
fan remalning about the sams for all olearances. This effect
is probably largely caused by turbulent mixling in the axial
di‘l‘.‘eo'bion.

In reference 2, the tip-clearance losses were determined
experimentally for an eight-blede rotor-stator combination with
rotor solidity ¢ verying from 0,79 at the hub to 0.52 at the
tip section. The hub dismeter was 9.85 inches and the outer-wall
dilameter was 19.7 inches. Figure 3 presents the mean of ocurves
determined for three different blade loadings. The separate
curves depart from the mean by about 1 percenmt. The reduotion in
pressure due to tip clearance is large, about 7.5 perocent for a
clearmeofonlyzperoeubofthabladespan

(3) The immer-wall losses are caused by the boundary layer
on the inner wall of the rotor. By the same argument as pre-
viously given these losses should also manifest themselves as a
reduction in pressure rise, The dead air at the hub, however,
is swept to the tip by the centrifugal force of rotor rotation,
with the result that these losses may be largely included in the
tip-oclearance losses. 'Some measurements of wall losses in a
stationary cagscade are given in reference 4. The results are
not directly applicable to a.rotor, however, because of the spen-
wise flov of dead air Just mentioned
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(4) The rotationsl kinetioc energy of the downstreem flow repre-
sents a loas if it 1s not transformed to pressure energy by a set of
stationery guide vanes or by other means, This loss represents a
drop in pressure rise and is included in equation (11) for. Ops -

PMORMAME I'OBMULAB FOR VARIOUB FAN COMBINATIONS
) Stator Upstream of Rotor .

The arra.ngement in whioh the. stator 15 ups'bream of the rotor
will be referred to ms a "atator-rotorr combination." Subscript s
will designate stator qmn'bities, r, - rotor guantities. .

The 1n1t1al flow into 'bhe stator is assuned. to have no rote-
tional component, that is; - u; = 0 for the stator., - The flow

emerging from the stetor iill have a rdotational velocity component
7e0:¢ thet is to cancel:'the rotational veloolty component y o

of the rotor. The product 90 (no subscripts are necessary) 1is
therefore the same for rotor and stator at any redial location;
henoce, for the stator the relative velooity ve/Vr is, from equa-

tion (10),

;—.;f- 1,,(125:)2 ' (16)

and the 11ft coefficlent is given by

: 270
O‘BOLB = ﬁ

The pressure rise, which is negative, is, from equation (11),

. Apg,
°pg ™ 1
- (70)2 - Y8 '
(70) Og%g Ve | (17)

' y o
For the rotor, if 1% is remembered that ‘v—la70 and 1f the smell
£

effect of the stator drag on the momentum charnge through the stator
1s neglected, there 1s obtained from equations (8) and (10) to (12)
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Wy 1
Ve " 515 f ' '
-,JJ. +(1[+@2 (18)
4 |
- qf .
= 290K + (70)2 - oy (19)
T
- T
atI‘ZQ,f
= 270 + °r°d1. N+ 29) (20)
Oplr
g Oz =
A P
- 220
'l‘/vf (21)

The pressure rise for the stage 1s the sum of equations (17) amd (19)
minue the loes due to tip clearance & :

Pg
Apf
°pe ¥ 7Y,
V. v
= 290N - °r°dr -v-;-'- - °e°d.s V:' - Op, (22)

A relatively simple expression for the pressure rise in terms
of the rotor 1ift coefficlent carn be obtained by neglecting the
dreg and the tip-clearance terms in equation (22), which may be
corrected for afterwerd, apd combining 'l'.he result u:lth equation (21)
to eliminate 9o. The result i
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whers
Op . ( A—;’f
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Equations (18) and (20) ocan novw be rewritten in terms of the ideal
pressure rise

-

¥ 1
Vf - ain a;
-"l+(N+f?_ﬁ) ' (24)
ax
__T
Z:traqf

o . .
- -;-1- + orod_r ;_r; (N +:-°—p:-ﬁ-i-)l

The expressions (25) -and (24) suffice to determine the rotor blade-
elemsnt 1ift coefficlent and the relative streem angle at any ralial
location fram a desired "friotionless™ pressure rise (Ape/ds) 1deal’

Both of these formulas are illustrated graphically in figures 4 and 5.
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Figure 4(a) ‘s Yased on equation (23) aml ‘Eyps " S5e, - ngathst N

" with ‘Opcy,, -as parameter. Figure 5(a) is based on equntion (24)

and gives Ope, egaingt . N .with w,./Ve on the corresponding gy

g&rameter. Figm'es 4(b) and 5(b) extend the range of the cherts
Ygh valukg '8¢ §. ' ¥or cohveniende, pressui-d :'iée is g:l.von in
terms of the reiated! ooei’fio:lent

S HIPC LTI PE R T PR T LR

vhere 2 '

x Opfi'

e LY W L hal | - L 3 ! A ceypenm— 1y
. ; S pnfi ) ZNZ

T R e

This relation is plotted in figure 4(b). These charts ere useful
in making gulick estimates of fan performance at varlous design
operating conditions as well as mactualblad.e design,

For example, suppose the spe;d.‘ of rotetion end axial veloocity

.
of flow ere such that N = -leu 1 "for a rotor blale element in a

.o AR & :

stator-rotor erraengement. If "the blade element is operating at a
1ift coefficient of 0.7 and the annulus is of solidity 0.8, then
Oc; = 0.56 end figure 4(a) gives (Apf/qf)ideal = 0.87. If an

efficlency of 85 percent is assumed t¢ d@pply to the pressurs, then
A .
—E a 0,87 X O. 85 = 0.74. Figure 5(a) gives the mean relative

" streem angle f. . ]."or Nal &b (Apf/qf) aea1 = 087

f,. = 39.5°. The 'blada element should therefore be set sufficiently
in excess of 39.5° to operate at a lift coeffiolent of 0.7.
(8ee Bection "Airfoil Characteristics for Casocade Operation.”)

At the deasign point the rise in tota.l pressure (in this case,
static pressure) is to be constant over the blower plane, Inasmuch
: a8 the rofile-drag ‘terms will not vary muoh over the blade span,
the design criterioniis takep to' be

. BTW

. opfi m 290N = = Constant (25)

2
xvf
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The blade circulation: on both stator amd rotor will therefore be

.. . Rotor Upstream of Btator

The arrangement in vhich the rotor is upstream of the stator
will be referred to as a "rotor-atator combination.”

The initial flow into the rotor 1s assumed to have no rotational
canponent, that is, u; = 0 for the rotar. Also, the rotational

camponent produced by the. rotor is to be ocompletely canceled by the
stator and, again,

Y25, = 740 = 70
The only difference between the formulas for this cese and for the

stator-rotor ocombination is produced by a difference in the sign
of the stator circulation. . Thus, for the rotar,

W 1

Trownk
.«-/“(n-?z&)z_‘ (26)

Apfr
R

= 2708 - (79)% - Opoq_ % 3 (27)

T
au-zqf

-'0-1--

= 270 + G;"’dr -;r-r- (N --}E‘-’) - (28)
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. ‘_ . __:2....
(s y . v./Vs

N
.

Do -:, ;—:;-,\/IT@T)E .

For the sﬁhtor'

and the pressure rise
2 _ Vg
Opg = (70) Cgoa 7 (29)

The over-all pressure rise for the stage, including the tip-oclearance
losses op,, is

Ape '
ar
v, Vg
"270“'01""’:-7;'09"%7;' °py, (30)

vhich 1is the same in form as the corresponding expression for the
stator-rotor combination. If the friction terms in equation (30)

are nsglected, the frictionless presSure rise mey again be expressed
in terms of the rotor 1ift coefficient
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%bry
2
e (o-32)
1\/1@1)(;.;% 1)
2 (18 _,
452 \ g0, 2 )

and, 1f equations (26) and.:-(é-a) ‘are rewritten in terms of the fristion-
less pressure rise,

Orcz'r -

> (31)

o, =

Yoo _1
Yf.ﬂina;
priz _ -. :
- 1+( "If) (32)
T
OT-
anzqf

°pe . e
- Ni "'orcdr%( -—‘N;> :

Bquations (31) and (32) are the basis of the design charts given
in figures 6 and 7. For the data of the stator-rotor example, that is,
K=1 and 0o = 0.56, figure 6(a) gives (Apf/qf)mal = 0,72 and
figure 7(a) gives a mean relative stream engle of 50,6°. For a fan
efficiency of 0.85, Apg/ae = 0.61 in comparieon with App/ge = 0.74
for the stator-rotor arrangement.
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. '---'---RotarAlona :' ‘
.’: v N s l N
.: 'The initial flw :[s m\mod. to ‘have nmrotation. The- :I'.'ccmulas
for the rotor alone are the same as the rotor formulas (25) to (28)
pertaining to the rotor-stator combination, except that equation (27)
for the Tressure r:lse mmt 'bb rwri'tten to :anlude the clearanoe
lbesea

A -~

S e T, ‘ ' Apr ' . .
f .‘ -‘.' '.;‘- ""'. 3 1“ gpr qr b ' 1

SRR -zm-(yo)z-ood c,pt . (s3)

or, :Ln tems of the rriotionleas ptressure rise .

| AR
g = g, - ( *) - oo 3 - on,

Figures 6 and 7 can also be used in this case if the frictionless
pressure opr of the figures 1a reduced by the rotational loes

1 .
' (y0)2 (cpf /zn‘z in addition to the friction terms to get. the

actual pressure rise. The only modification to the rotor-stator -
exemple is to subtract ( ZN)Z (0 72/2)2 = 0.11 from the

Apf/qf of 0.61. This p:rooed.ure givas Ape/qp = 0.5.

"It is seen that, for a given flow quantity and rotational .
speed, the stator-rotor combination gives the highest over-all .
pressure rise. On the basis of. compressibility and maximm-1ift
limitations, however, the rotor-stator combinstion will yleld the:
h:lghes.t preesure rise. (Ses section "Illustrative Fan De‘s:lgnn ")

It may be remarked.that bhe deelgn. oriterion for the rotor
stator combination 1s- censtant circulation 70N rather than
constant static pressure over the blower area because & constant
blade circulation will produce a stable rotational-veloocity distri-
bution in the downstream flow with no radial velocities. As.
mentioned in the section "Fan Losses," the rotational veloo:lty
does not necessarily represent a 1055. Bven without guide vanes
as such, if the flow is sent through e radiator, much of the
rotational energy may.be recovered as pressure.
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The gensrel design oriterion for. radlal-velooity free downstream
flow for the three combinations disocussed is, then, constant blade
eirculation or- its equivalent, constant tota.l-préssm inorease over
the blower plane,

..The preceding formulas and the cherte for fan design were based
on the essumption of initially axial flow, If the initiel flow has
rotation, as in oporation behind & propeller, the fan design is dased
on the general formulas (8) to (15). For e rotor or stator operating
in & flov with initial rotation u/Vp, ‘the rotor-stator design charts

can still be used to compute op, in terms of co; and N if the

absoclesa N of the charts (fig. 6) is replaced by N + ;-1-. (See equa-
) £

tions (8), (10), end (11).) The ideal pressure rise Opy is regarded

as 270(N + Vi)' It may be noted aleo that, for e stator-rotar in a
4

flow with initial rotation uy/Ve, the stator-rotor charts can be
used directly if the design criterion of no downstream rotation

;1; + 7?05 = 7.

is used. The over-all pressure rise without friction is obtained in
this case by adding the initial rotationel kimetic emergy (u,/Ve)2

to the over-all ideal pressure rilse Opy = 2y,0,.N. Although small

emounts of initial rotation will not greatly modify the fan performance,
the required blade settinge may be appreciably altered.

The celoculation of a multistege fan 1s carried out on a step-
by-step basis, each stage being regarded as a single-stage fan
operating in an initial flow that 1s the outgolng flow of the
proceding stede. In order to allow for the successive compression
of the alr by each stage, the fan area may be made sBuccessively
smaller or the suocessive stages may be redesigned for smaller rates
of flow. The temperature rise across each stage due to adiabatic
campression and lossSes should also be computed as it may lead to
excoasive operating temperatures in the later stages.
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AMEMIEPICBMCABGADEOPW

In the preoesling aeab:lons, the performance of & fin’ 'blad.e
elemsnt hes been related to the lift and drag coefficients at
vhich the blade 1is- oper_q&:l,pg If the, isolated airfoll section -
charsdcteristias . {c; .and oy egainst a) _cbuld be used, the -
knowledge of the .blade-slement angle of a.ttack relative to the

‘mean flow velooity would, give the Plade~element setting to pro- -

duce the.desiyed-performance. Thia procedure is ordinarily
followed in the cae of propellers for which thé aclidity is low.
For high-pressure and henge high-solidity fans, the effects of the
cascade interference and of the adverse pressure gradient across

‘the fan on the blade ge¢tion ohqrantqriq‘biqs are no longer negl:l-

glble.

The problem of predicting cascade~airfoll cheracteristios
for potential flow from a knowledge of the ilsolated-airfoil
pcharacteristics has been atta.clmd in two ways. In the first
method, the isolated airfoil is presumed operating at a certain
11ft a.nd. setting relative to the free stream and the necessary
changes 1n airfoil shape and setting to produce the same 1ift when
the airfoll 1s operating in a casocade are derived. By the second
method, the 1ift of a givon airi’oil at a glven setting 1n & cascade
1s d.eterm.‘lnad..

From the first point of view, Betz (refereme 5) has given a
method based on replacing a thin alrfoil by vortices in order to
calculate the flow disturbance of the -airfoil, As an example of
his method, he’ takes a s-peroent-mimmwoambor circular-arc thin

+ alrfoll oporating at oz = 0,7 and placés 1t in a ocascade of

80lidity o0 = 2.03 and mean flow inclined to the cascade at 45°,
In order to maintain the same 1ift coefflclent of 0.7 in casocade

‘operation, the ‘cember must be increaseil about 30 percent, with
.rela.tively small changes in the position of maximum oanber and

the angla o:E attaok relative to the. mean ﬂow,
[
o Aocord.ing 'bo the secopd: mathdd Co].'l.a.r (roferomes 6 ahd 7)
has solved for the potential’ flow: through cascades of certain air-

. fo1ll sections including the flat plate. The conclusion is that
' t:he relationbh:l.p- frcn- tha theony for 1solated. two-dimensional wings

'-oz-aosin(ﬂ-ﬁ) . - (34)

vhere § 1is the blede-element angle, @ 1s the mean-flov angle,
Mﬂ—ﬁnm'ismmledattmkofmbmelm still
holds provided the right-hand side of equation (54) 1is m:ltipl:l.ed
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by a factor f end the blade angle B vith respect to the mean flow
is reckoned from a slightly different angle of zerc 1lift fiok that of
the isolated airfoil, The eirfoll shapes given by Collar for which
the factor f eand the ppscade dangle of zero lift may be derived
thearetiocally o not resemble very clossly the shapes used in practice.
A suggested procedure is to- use the Collar factor f for flat plates
in cascade and the angle of zero 1lift of the isolated airfoil, cor-
rected for thickness by a method of reference 2. Theoretical curves
of the factor f as a funbtion of the molidity a..g. and blade

engle B are given in reference 6 and are repégduced in figures 8
and 9. |

The thickness corresction (referenmce 2) is a change 8 in the
angle of mean alr flow relative to the blade element. It is obtained
from -

von o E205 Bin (B + §) ()
.1-%])(? cos (B + §)

D=2 Profile area

. 62 (Profile chord)?

is the reciprocal of the blade profile aspect ratio, The correction
angle 8 has the effect of inoreasing p of equation (34) to obtain
the setting for a given lift coefficient; hence, equation (34) now
reads, .

0, = fa, sin (B - § - B) (36)

This equation applies to rotors and to stators downstream of rotors
if potential flowv is assumed. For stators upstream of rotors
(turbine action), the sign of the right-hand side of equation (36)
is reversed and angles are measured from the blowver plane to the
convex side of the blade (fig. 10). -Note that @ 1is the angle
between the mean flow w and the blower plane. The solution of
equation (36) for the blade angle P 1involves several successive
approximations because the factor f and the correction & both
deperd on B.
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Instead of r each airfoil of a cascade as operating at
a certain 1ift (and drag) cosfficient with respect to the mean rela~
tive flow, the casocade &s & Wlicle may b6 vieved as a device far -
turning the entering flow through a. certain angle (references 4
and 8 and unpublished work by Quentin Wald.of United Alrcraft
Carporation). For example, in reference 4, the investigation of
a cagoade of low-drag airfoils with an initial relative-flow angle
of 45° and varying exit flow engles, obtained by varying the blade
angle, led the authors to conclude that "the angle through which
the air is turned by a.oascade.of bPlades with a solidity of 1 and
a mmall camber is nsarly equal to the angle of attack (vith respect
to the entering air) of the blades minus the angle of attack for
zero 11ft of the isolated airfoll.”

It may be noted that the turned angle of the flow @ - f#;
is expressible in terms of the blade .1ift coefficlent by means
of equations (8) and (10), and if drag is neglected, '

2(oot @y - oot @)

| \/;+ [N +% - %(oot fy - oot ¢2)]2

If the profile drag is large, this expression should be modified
by the effect of the tangential component of the drag foroce in

turning the flow,

In addition to the mutusl interference previously discussed,
vhioch may be termed a velocity interference, the pressure rise
(blower action) or drop (turbine action) across the stage affects
the boundary-layer phencmena in the stage. For exeample, the
adverse pressure gradient across a fan rotor reduces the lift
on the rotor blade, increases the drag, and causes an earlier
stall. Experiments on & typical airfoll section (reference 3,
figs. 66 and 67) showed that; for a blade angle P of 20° and
sclicity o of 0.85, the factor f of equatien (36) was unity
(altaough the Collar 1ift factor £ for flat plates was 1.6 in
this case), B8 was about 19, and the section stalled at the
comparatively low 1lift coefficient of slightly over 0.7. The
value 0.7 has further been approximately substantiated by
applying the design method in reverse to scme experimentally
obtained maximum pressure rises; for exemple, those of refer-
ences 4 and 9.

O'Oz [
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. " 0n'the ‘Dedis ‘of ‘the proveding results, vhich represent typical
‘conditions in -a liigh-speed rotor, the factor f,. thoangle 8, a.nd.
them:[hmliﬁcoofﬂoient o} mey be assumed to be. 1.0, 0.0,

and 0.7 respoctimly nmn valués are, of cowrsd; provisicnal and
subject to change rollow more extensive experiuutal investigation,
For this reason, the rotqr thus designed shduld -be -éd justed in
..opération to give the pa.z:l,mn Pressure rise without 'stalling, If the
ad justment, is ma.ll, the errar inmtroduced into thé blade twist by
this. procedure is probab];_not serious, The interference-corrections

I ARY:1.". I ahouldbe ine)pded in the design of stutirs for which'
analyses based on. po‘bonﬁu;L flov voiuld be mord likely:to apply. The
maximm 1ift coefficient of a stdtor blade 11kavioe' shOuld be ' sub-
stanuauy greator than for a rétor dDlade,

".An to the cholce. of; T T By ‘an ficlated airfoil section that
is efficient at the- d.eaign mlpt oy . .may. bb ‘choen- ( inasmuch'as
there are no comparative date on nirfo:l.la for cascade operation) amd
warped by the procedure of reference § for oascade operation,
Acoording to the previously quoted. yesult of reference 5, a
should suffice for a cascede of solidity o= 1. IF large flow
deflections -are to be accomplished, as by a stater, the choice of
cember for a stator airfoil seotidn may be guided by the angle
through which the flow is to be deflected; that 1s, the cember may
be .determined by lining up the tangents at ths leading and the
trailing edges of the mean line with the initial and the final flow
d.irect:[ons respectively. It 1s apparent that more -experimental
results on airfoils in cascede operation are needed :to ‘establish
the basic data o:g a.xia.l-ra.n _deugn.

AT nmmmwummns

' The disoﬁélionl of the proceding nectiom will be :lllultrated.
by the design of a statar-rotor oémbination, roter-stator combina-
tibn a.nd rotcd- operating alene at an e.ltituda of -40,000 feet, The
effeot of o.hange of altitude will then be considered 'by estimating
the pertorna.noe of the rotor-stator oanbimtion at 20,000 feot.

Eech d.éa:l.m vill be made for maximum pressure rise without
stalling the rotor blades and vithout running into compressibility
effocta,” The first limitetion applies to the hub asection because
the lb\leat Telative’ velooity , and' henoe h‘:l.gheat 1ift coefficlent
for a ‘given pressure ria¢, occurs’ there,  The second limitation
applies to the tip sect:lon because it travels at the highest rela-
tive speed. These two conditions are expressed as follows: At the
hub section, by equations (23) amd (31),
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.(C’z-.czr)mz (37)

At the tip section, by equations (24) amd (32),

ORI

where xp = El'-‘. and No " ..vE. e upper sign refera to the stator-
Ro

rotor combination and the 1ower to the rotor-stator combination and
the rotor alone. ..

In these equations the values of x, and Vy are fixed by

‘the rotor dimensions and. the desired flow quantity. The maximum
value of Or%y. is, or should be, known from experiment, as should

elso w, fram the consideration of compressibility. The two equa-
tions can then be solved for N, and Ope, s which determine the

rotational speed and the ideal pressure rise of the fan. The rota-
tion perameter N 1s then fixed for any other location which,
together with the design criterion of déonstant °P1’ , Gdetermines

the 1ift ocoefficlent Oy for any other 'blade elemont by using

elther the design. oharts (ﬂgs. 4 arg 6) or.equations (23) and (51).
The rotor design is completed by estimating the verious losses and
Tinally the blede angles to 'give the required 1ift coefficlents.
The stator, if any, 1s designed from a knowledge of the ideal pres-
sure-rise and the condition of complete cancelation of stream rota-
tion¢ The de‘bails are given in the following. d.iscussion.

The . aoltrh:lon of equation$ (37) emd’ (58) £or cpi; and N,
1s o'btainad by solvi::g the q_ua.dra.tic - .

.-

a

au.z.irbl.l_-O.-Q_".;' )
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-
| m eel et s m MM s se o w a am

“d - 0= ~,:- - (39)
and then substituting
(40)

{ whpre A - :\.":'_ -
- - ,

| :m ") (E)m]: SN
SIS GRS e L zh(or%r)nu . .. LI_

v B S * . ! : St gt

oo d o BT, ' > .o - (u)
S 1 ( x,,)z PR
L : bgmkz(l )

f T e ka_(l'-"j xn?ma)', i} - |

Tha upper sign ‘refers to the etator-rotor canbimt:lon an:l the 1over R
"' b0 the r'otor-ﬂtator ocnbination anl ‘the rotor alons.’

* AB to the fan dimena:l.uns, the outer radius will hrobably be

" rixed by considerdtions of engine or 'covwling dismeter. Absume

Ry =2 feet. ' The ¥nner redius shonld be such as to keep the solidity
gt the hub down to a reasonable value and not too- differemt from the
solidity at the tip. Aliso, the resulting fan aroa should be large
compared with the -bi'p-cleara.noe ared and should permit efficient
diffusing downstream of the fan.. Assume an inner radius of 1.55 feet
giving a radius ratio xp = 0.776, a fan area Ay = 5 square feet,

and a blade span of 5.375 inches. If a tip clearance of 1/8 inch

or 2.3 percent of the bladé spen is further assumed, then, according
to figure 3, a loss of 8.3 percent of the ideal preasure rise will
ocour,
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The maximum 1ift coefflolent is taken as °zma:': = 0.7 .in-viev

of results quoted previcisly from reference 3. According to séue
results of reference 2, a rotor with blade chord inoreasing toward
the outer section 4s me officient "than one with elther constant
chord or chord decreesing towerd the otter section. The reason is
comnected with the fact thet the secondary flowe previously .
mentiched (see ssction "Theory of the Axial-Flow Fan") ocause &
dead-air flow toward the blade tips, which may oonsequently gtall
first unless the 1ift coefficient is kept low. - A constant-solidity .
blade with oy = 0.85 is acoordingly choaen. The quantity Ur°zr

1utherefore O7x085-0595.

The maximum relative veloelty is d.atemined by the smeaha.t
arbitrary though oonsarvative canpressibility oriterion that the :
maximm local ;relative velooity at the rotor blede 1s not to exceed
0.9a, where & is the speed of sound at the fan. Inasmuch as the
maximm local relative veloclity 1s about 1.31 times the relative
velooity end the speed of sound at 40,000 feot is 1000 feet per
second, tho maximum reletive velooity is

Ymax * 1032 X 1000 = 686 feet per seoond In order to get Vg,

the required mass flow is taken a8 M = 0.821 alug per second
(see section "Power Losses in a Cooling Installation'). which, with
a density at the fan of 0,000618 slug per ocubic:foot and the ’fa.n
area of 5 square feet, gives Vg = 266. fest per second. Thoerefore,

(v2/Ve)pay = 2.58.

The valges of " xp, (°r°1r)w' .and  (wp/Vg) =~ thus det;or_-

.mined ere substituted in equations (41), (39), end (40) to give
the values of - N, and npf:l shown in'table I. The values of

rotational speed derived from N, are also given. Those values
-of _Ngo -and o-pf are  the beaais’ foz- the various fan designs given

- in tables II, III end IV, The.tables contain the :I.tmized. design
srooedm'e end the necessary references to the text and figures.
ame of ‘the results erc included for ocmparison in table I.- It

appears that the rotor-stator errengement ig capahlée of producing

the greatest pressure rise, though with the requirement of opereting
at a considerably higher rotational Jpeed. From a considerestion

of the solution of equations (57) and (38) this result 1s found

to be generally true if

ma(l-thz)<1+-[(3-‘-}lQ: (1-;,,3)2 (? - 1)
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.- Bocause the second term on the right-hand side is gquite amall and
usually positive, the rotor-gstator combination 1s seen ta yield the
highest pressure rise if xu = Rp/Rp ® 0.707, Below this value the
rotor-stetor or the stator-rotor combination can yield the hisher
presaurc rise, deperding mainly on the value of m.

For operat:lon at an altitudo of 20,000 feet,, the essential 4if-
ference is in the air quantity required for cooling. It is assumed
that, at 20,000 feet, 1.25 times the mass flow and hence 0.475 times
the volume rate of flov at 40,000 feet are neceseary. If the rota-
tional speeds were mainteined et the original velues, the rotor
blades would be completely stalled. As can be seen from the perform-
ance curves Iin references 2, §, and 10, stalling the bledes means
that the maximum preasure rise 1s developed but with high losses.

If the rotational speeds are diminished in the ratio of 0.47S, then
N 1¢ tho same and the nonlimsnsional operation of the fa.n is the
samo as at 40,000- feet. Therefore, beoause . ,

1 z) (1 ) :
v - 016 -pv

('ép T Jeo,000 s 40,000 .

the actual pressure rises of any of the cambinations will be about

0.6 of the values at 40,000 feet. With fixed blades this performance

is about all that ocan be achieved at the lower altitude on the -

assumption that o1, = 0.7. If the rotor and stator .blade angles

max
are adjusteble, however, and the rotor spoed 1s meintained at 3310 rpm
far the rotor-stator arrangement, thean for e hub-ssction valus of

Opoy = 0,595 amd Ny = = 2.922 . 4.28, figure 6(b) gives a

(Apr/qf)m a1 of 9.8, If the same efficiency as &t 40,000 feet is

assumed, the actual App/qe 18 0.9 X 9.6 = 8.8 amd Apy 1is.

22 .inches of vater, as compared with 9.1 inches at 40, 000 fout. The
twist of the blade is incorrect at the lower a.lt:ltud.e , however., In
this case it is desired to ocalculate the pressure rise at eny radial
locetion from a knowledge of the blade angle apd N for the location.
The solidity ¢ and interference corrections f and 8, if any,
are also kmown. The ideal pressure rise is given directly in terms

of thess gquantities by eliminmting - 2, from

°pe
crOzr ) !'r*

: 2
5 1+(Nt°pf1)
4N
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and, by equation (56), Tty
el D gy, LR __ o -'1!- 2 . o= ey, e wd :
R °t£ .umo sin (p v P 2 .B).
. L i i UL ,-J ' R
me: ".- - q‘.}":':; '.: —-.1-_-\' .."' .1 "f - ot n -
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St QPf: %tao‘l'tﬂ =}n (ﬁ 8) do (‘a a)] (42)
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where the minus sign refers to the s"l:a:bor-rot'or ‘combination and
the plus‘ sign reéfers to rthe roter~stator combineation, which inoludes
also the case of rotor alcne. (See section "Rotor Alome.") It is
assumed in'équation (42) that, if a stator is used, it is kept
adjusted in” duch: e wey. that. no streem. rotation ex:l.nts downstream
of the' blower,: The errcr paused by using squation (42) with fixed
stator is asmall for a rotor-stator but not for a stator-rotor
cambination. In the stator-rotor a.rra.ngemnt the stator end rotor
should be analyzed separately by means of the general formulas (8),
(10), (11), and (36). The actual pressure rise is obtained from

ua.tion (10) epplied to rotor anmd: stator., This pressure rise will
not actually be obtained if the rotor meximum section 1ift ooef-
"fiplent 1s exceeded! Furthermorse, if the presspre rises vary
greatly over ttie 'blawer a:rea., they should be a.veraged by the method
of refereﬁoe *2‘. T : .

-1 LT S

v
7

The d.esign method presented 1n the preqed:lng sect:lons bas been
used to campute the known perfarmence of existing fans such as that
.1Of reference 9. The results of these and of other computations for
‘'nev designe,‘Which  heve &tibseduently, been tested, show that the
method predicts performance eatiafa.o‘borily, a.l‘bhough an experimental
ad justment.of the blade setting mey ‘be; necessary. (See section

e v, . f . . o . T et
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POWER LOSSES IN A COOLING IRSTALLATION

It 1s appropriate to oonclude with a discussion of the internal-
cooling-pover losses in a ocooling installation that ,includes a fan.
The statement in the "Introduction™ that the power required to drive
a fan may be more than recovered by means of the higher exit velooity
of the cooling alr thus attainable will incidentally be Justified.

The internal cooling power is the sum of the power input to the
fan and the momentum power of the ocooling air, The power input to
ths fan per unit mass flow of cooling air is a function of the fan
pressure rise and the state of the air in frogt of the fan. The
momentum power per unlt mass 1s the product of the free-gtreeam
velocity and the difference between free-stream and ultimate wake
veloolty of the cooling air. External cooling power, such as caused
by excessive flap -deflections with Fesulting increase of drag, is
not discussed herein. ‘This camponent’ of ths total cooling power
can be included: in. an.analysis of .an actual cooling installation
by means of erpermorrbal cowl-flap data. Likewlee, drag increments
dua to the weight of the oanponent par'bs are not considered.

LA oooling Mstmation of ocowling, fa.n, oool:l.ng reasistance

. (sunh 8s.engine or radiator), and exit is represented schematically
in figure 11(a). Cooling sir, regarded as compressible, enters and
undergoes -adlabatic but. not 1sentropio compression from state O
‘to state f1l. The total eneryperunitmsofairrmgins
constan'b in th:ls prooeas, that 15 ’

L ¥t

opT +.._..-cp'1‘ 2

but the inlet duct causes a stagnation pressure drop Apj. By a
stegnation pressure drop across a resistance 18 meant a proessure
drop measured between, or corrected to, two stegnation regions
before and behind the resistance, Nert the fan increases the

- total energy per u_nit mags by

P ' o
-ﬁ-f - 0y(Tpp - Tgy) + %(vmz - V2. . (43)

while the pressure rises from Pey to Pepe ‘The air then pesses
through the fen diffuser in which a stegnation pressure drop 'Ap,
ocours at constant total energy. At state 1, wvhich is the near-
stagnation condition Just in frogt of the cooling reeistance, a
fraction of the englne-heat rejection may be added to the part of
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the flow that goes through the resistance proper. This flow then
expands lsentropically -into the resistance .area, state 2.  From
state 2 to the resistance exit, state 3e, the ocooling air is
increased in total emergy by the remainder of the heat reJjection
and suffers most of the ocooling pressure drop. At state 3e the
flow 18 ejected into the large space at state 3, the pressure and
total energy remaining constant, with the result that the kinetio

energy of the air at state 3o is largely lost. The ccoling- -
resistance pressure drop 1s thus Ap. = Pz - Pj. The entire flow
at state 3 then expands almost :Lsenbropioauy , with conétant total
energy, from its mractically stagnation ocondition at state 5 to
the ultimate exit conditions p, anmd Vy.

The powser input to the fan 1e given by equation (43). The
secord term on the right is negligible for a single-stage fan with
constant flow area, whereas in a multistage fan the flow area 18 . .
adjusted to keep a constant axiel velocity. The first term can be
written in terms of the inltial state and pressure. ratio aoross’

-1
the fan by using the isentropic compression formula T o pzr.'
The power input to the fen thus beocmes

Pp = Mcp('l‘fa - Ti’l)

21
= Wl 1l -A.-p-g 7 -1
(7-1)nepy y
&z;[l N ] C (e
NePy 27 7y -

The fan efficiency 1y 1n this expression takes account of the
fact that the compression fs not quite 1sentroplo and that conse-
quently the aotual final temperature Tpo 18 greater than the

isentropic final temperature would be for the same pressure rise,

The momentum power of the installetion is, by the momentum
equation,

Py = WTo(Vo .~ Vy). (45)
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The ultimate exit velocity V,, at which the pressure is that of .
the free stream p,, 1s determined by the condition of constent
total energy from states 3 to 4:

. " 2
V" .
cst o op-I'4 + _2_.
v,2 0 .
4 4
T
The quantity - 1 - E& 1s the Meredith effect efficiency, that 1is,

3
the efficlency of conversion of energy at state 3 to kinetlc energy
of the wake at state 4. For lsentroplc expansion between states 3
and 4, it may be expressed as

71
T4 Po\? .
1-55-1-(55) _ (47)

If conditions between states 3 and 4 differ considerably from the
isentropic, equation (47) must be modified. For well-designed out-
let ducts, no modification of equation (47) 1s necessary. The pres-
sure at state 3 is the free-stream stegnation pressure pg; plus the
sum of the stegnation-pressure changes up to state 3

Pz = Pg + App - Apy - Apg - AP, (48)

The total energy per unit mass at state 3 1s -the free-stream total
energy plus the total-energy edditions in the installation:

. 2
Vo P EH
cpls = opfo + == + 3 + 3 (49)

The substitution of equations (49), {48), amd (47) in equation (46)
yields for ;bhe exlt velocity

7-1

v,2 Ve P . . 7
L = OpTO + —o— + —f; + E 1.~ po

(50)
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vhich determines the momentum:powver by equation (45). The sum of
equations (44) and (45) is then the internal-cooling-power loss
of the installation.,

N . Lo
v i 1 * : e

Before equation (50) can be used. the cooling and fen-diffuser
stegnation-pregsure. Arops. App- and Apd* ag, well as the required
mass flow M must be determined as a function of the fan pressure
rise Ap Thies procedure is necessary because the fan ahead of
the oooling resistence increases the temperature and density
ahead of the oooler, thereby increasing the required mass flow
for, cooling but decreasing (not always) . the' cooling pressure
drqp. The determinstion 1as mefde by ©.step-by<step proocess similar
to the processea of references 1l and 12.

In order to get M, A'pr, and Apy as funotions of Apg,
the pressure and temperature Just ashead of the cooler are needed,
The following equetions detérmine the rossure and the tempera-
ture in front of the cooler, as well as the mass flow, as func-
tions of fan pressure -rise:
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(8) Free stream to state: ‘fl, ' constant totel enmergy: - - - AR

OPT +172-QpTﬂ +lvﬂ

() Pressure and dens:lty at state f1, inlet diffusing
efficienoy “1

~

A Lo ot T .
' o(%) - (1 ‘.ﬂj_)‘lo

Pey = P /BTy

(c) Prass\n'e and tempera,ttma riqs a.o:posa fan, fan
efficlency Tng: . P e s

. . _Ll .
P 7=
_fz_ - qf &Tf—z- + (1 - nf)}
Pry £1
(d) Pressure and density at state f£2:
P2 (
51)
Pz = Fr Pﬂ) F
APy = Prp = Ppy Pea = Pea/BTp,

(e) State f2 to state 1, constant total energy:

opTy' = OpTpg + %Vrz

() Pressure at state 1, fan-diffuser efficiéncy n4:

m 7T
P o= Prz(mfz) - -yl
vhere

irz = %ﬂfzvfaz

(g) Variation of mass flov M with cooler entrance temperature
Ty', vhere T;' 18 the temperature in state 1, before any
of’ the heat 1s added to it. This variation is determined by a
cooling correlation for the cooler. (See references 11 and 12.)
Flgure 12 1llustrates this variation for the ailr-ocooled engline
of the 1llustrative example given herelnafter.

(k) Bquation of continuity at fan
M = peaVehrp M = pp1Vehey

/
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In these equatiom the a'hnosphario conditions Pos Tos flight -
‘speed Vo, and efficiedcles ' ny, 7g, N4 ere all known. -Further-
more, either the fan entrance area Ap; 18 given and the fan exit
area App regarded as veariable to maintaln comstant axiel veloo:lty
Vg, . or vice versa. In the following illustrative example,

value of Ap; wes assumed, although about the same results would
be obtained.in either case. With an assumed Ve, the following
quantities are determined in order from eguation (51): Tgy from
(a); and ppy from (b); M from (h); Ty' from (g); Tps
fram (e); Dpea/Pg) from (o) Pea, APe,  Ppp from (d); agpp

end p; from (f), The temperature T;' is then increased to Ty
by the heat relection, if eny, eheed of the ‘cooler. In addition,
the value of G = ppVs 18 determined as a certaln fraction of M.
The proportionality betwoen G and M ocan be obtalned fram the
sea-~level data for the cooler by performing the cooler pressurg-
drop calculation in reverse to find G ocorresponding to the

known pressure drop. . . i

From the valuos of P1, Ty, -and G oo'rresponding to a fan
pressure rise Appy, the pressure drop 'Ap, ‘scross the cooler can
be determined in two steps. First, i1f only the air that goes
through the cooler proper (in en air-oooled. engine thls emount 1s
.less than the total mass flow) ia. considered, the state of the air
at station 2 is determined by Bernoulli's eque.tion, which may be
written . .

1 -
_(.Pl) 7 . 1 .
Po - R2g27
Pe - =g . (52)
lﬂ'. 20 pplz . )

&)
P2
This equation ocan be solved for p;/pp; with ths aid of figure 13,

which gives py/p, agaeinst X far 7 = 1.4, R = 1715, and

:?, = 6020 in foot-pound-~seconmd units. The tempera'bm-e at
ation 2 is given by .
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Secondly, the pressure at the dbaffle exit,.station 3e, is determined
by an eq_uatiocn based on heat-transfer a.nd. skin-friction oconsideratioms.
(8ee references 11 and 12.)

P2 Ty = Tz Txg po? Ps\2 |
2w- 2’3 P 1-(——) (53)
Ps Ty -Tse Tz RO2(T2 + Tze) P2

in wvhich Tg, 18 greater than T, by an emount corresponding to
the heat added from stations 2 to 3e and Ty is the estimated average
engine temperature. Equation (53) is plotted. in figure 14 for a range

T,, - Pxg T2 RG2(T2 + '139)

The total ‘energy op'I'5 behind the cooler 1s calculated by equa-
tion (49), using the first one of equations (44) for the Pp/M term.
The values of cpTs and Pz oan novw be substituted directly in
equation (46) to give the exit velooity V, and the calculation ia
completed by equations (44) and (45).

of the parameters

For the fan behind the resistancée amd for the station mumbering
es in figure 11(b), the expression through equation (50) previously
derived hold without change. The calculations are greatly simplified
in this case because M and- Ap, are constant at the values given
by the preceding method for Ape = 0. Conditions at the fan can be
conveniently determined from the stagnation conditlions behind the
cooler and the mass flow by using figuwre 13.

The caloulations previously outlined for the fan ahead of the
cooling resistance were carried through for an alr-cooled engins.
The following data, based on an actual proposed cooling installa-
tion, were assumed; )

Altitude (Army air), feet o « + « o« v o « ¢« o ¢ o + &« o & o 40,000
Atmospheric pressure, bp,, pounds per square foot . . . . . 391.9
Atmospheric density, p,, 8lug per cublc foot . . . . . 0.000550
Atmospheric temperature, T,, ©°F ebsolute . . . . . . . « . 415.4
Bpecific heat at oonstant pressure, oy, foot-

pounds per slug per OF absolute . « & « « ¢ o s ¢ « + o o o 6020
Ratio Of Bpe°1fic hea’tﬂ, 4 e & s o & ® B ® 8 @ ® & ® 8 s @ 1-40
Inlet-duct efficiency' ni e ® 8 ® ® O 9o 0 o o @ o o e 0 [ I ] 0190
Fa.nefficiency, e s s e 8 9 6 s s s v e s s e e e s 0.8
ran-dmserefficem nd.............-..O.QO
Fan-entrance area, Aﬂ, square feet . « + 4 ¢ s s e 0o s e e B
Engine heat rejection, H, foot-pounds per second . . . 550,000
Flight speed, V,, feet per second . . « « ¢ o o ¢ o ¢ o s o+ + 587
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In addition the follow assumptions were made: Figure 12 for M
against T1'; G = O, ; oné-half the lieat rojection added shead
of the baffles and ona-ha.lt in the ba.fflea, 80 pexcent .of the total
mass flow through the baffles; ‘the average ensine temperature

Ty = 888° F abasolute.

The results are given in figures.l5 and 16. Some of the
various cooling-air quentities are shown in figure 15. The varia-
“tlon ‘with fan prespure rise is practically linear in all ocases, a
faot that may be used to reduce the labcxr of subsequent calcula-
tion. 'The engine .pressure drop Dz - Py decreased from 26 inches
of water at App = O' to 24 Inches of water at App = 38 inches of
water. For high-enough fan ocm'ess:lon, the temperature of K compres-
slon tends to compensate for the effect of the :I.norea.aed. density in
reducing the. ang:l.ne pressure d:pop

The variation of fan a.ul momentum power and of thelr sum, the
internal cooling power, is shown in figure 16. The internal cooling
pover 1s large, varying fram e maximum of 640 horasepower to a mini-
mm of 330 horsepower. It 1s seen that, wilthout a fan, there is 2
cooling-pressure deficiency of ‘8 inches of water. The cowl-flap
defloction required to overcome this deficlency (about 0.5q,)
would result in a cooling-power loss much greater than the i-
cated maximum value of 640 horsepower. A fan 1s therefore
essentlial., The maximum estimated pressure riso from & single-
stege fan 1s imlicated in figure 16 as 8.5 inches of water. This
value was obtalned by multiplying the value of 9.1 inches in
table I by 80/85.6 to mako the fan efficicnoy consistent with
that assumed in this exemple. This pressuro rise reduces the
intermal cooling power to 520 horsepower. Two stages would decrease
this value to 350 horsepower, which 1s only 20 horsepower above
the minimum possible cooling-power loss, In order to reduce the
minimun cooling-power loss, the required engine pressure drop for
the given heat rejection would have 'to be reduced, for example,
by improving the finning. The flight speed chosen for the calou-~
lations was 400 miles per hour. If the speed 1s reduced, as in
olimbing, the cooling-pressure deficlency increases. Fo:r example,
at 310 miles per hour, the deficiency would be about twice the
value at 400'miles per houwr. A two-stage fan would therefore be
necessary to enable climbing without opening the flaps.

It is of interest to note that, at the point of minimum total
internal powér, the fan power 1is inorea.sing at the pame rate as
the thrust (negative momentum) power; hence, the efficlency of
‘conversion of add.itiona.l power 1n;put to the fan into thrust power
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is 100 percent at this point. This efficlency drops off for larger
additional powver inputs to the fan. The possible saving of power,
as compared with putting this ppver into the external propeller,
howover, is small. N

The question of the -advisablllity of locating the fan behind
thé engine, or coocling resistance, can be answered in the negative,
at least for conditionas approximating those of the example. Some
camparative calculations of fan before and behipd the engine showed
that the cooling power was of the order of twice as much as with the
fan in front. Furthermore, the maximum performance of a single-
stege fan was only about 60 percent of that with the fan in front.
The main reason for this behavior was that the density behind the
engine was about half that in front. Consequently, the volume rate
of flow for a given mass flow was double and the power input to the
fan for a glven pressure rise, roughly QAp, about double. A oon-
tributing factor is the increased engine pressure drop, which shifts
the momentum-power ocurve to the right and consequently inocreases
the total internal power. The decreased meximum performance of a
single.atage is a consequence of the lover density in cambination
with the higher ratio of a.x:lal-flow velocity to fan rotational

speed.

The method of internal-power caloulation given is an accurate
one. [The results are semsitive, however, to the values of the
various pressure drops, particularly to the pressure drop of the
cooling resistance., It is important,- therefore, to be reasonably
sure of -thes data that determine the engine pressure drop before
indulging in & detailed internmal-power apalysia. It may be
mentioned here that the method of calculating the exit veloocity
by Bernoulli‘s equation for incompressible flow, that is,

D o1 - )

i,f,4,r

ocan lead to large errors on the pessimistic eide, partiowlarly for
large pressure and density changes through the aystem,

It 18 evident that the cholce of an axial-flow fan' for high-
altitude cooling depends on considerations of internal cooling
power as well as on marginal cooling-pressure deficiency, struc-
tural, and mechanical considerations. In the illustrative exsmple,
a two-stage rotor-stator fan arrangement ahead of the engine would
be recommended., If the rotational epeed could not be achieved
because of mechanical diffioulties, a stator-rotor arrangement
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could be used although at the probable sacrifice of scme performance.
(8ee table I,) The stator-rotor arirangement might also be advan-
tageous if the flow conditions shead of the fan were not uniform,
with the result that the guiding and stabilizing -effect of a set

of statar vanes was needed. Some type of rotationel-speed adjustment
is also desirable, partiocularly on high-speed fans, in order to avoid
blade stalling at the lower altitudes vhere smaller volumes of alr
are requ:.red. . .

. 2

- OONGLIBIONB

The following conclusions are indicated by the resulta o:r the
present stuly of the theory, design, and effect on cooling of the
constant-velooity exial-flow fan as related to the problem of
high-a.ltitule airocraft englne coolings

1. An exlai-flow fan ma,y be used to give a moderate pressure
rise to a large flow quantity of air. Typical performance of a
4-foot-dlemeter single-stage rotor-stator fan at 40,000-foot alti-
tuds 1s 9 inches of water pressure rise at a flow quantity of
80,000 cublio feet per minute and & rotational speed of 3300 rpm.

2. Existing theory provides a satisfactory basis for the design
of axial-flow fans,

3. The use of stationary guide vanes and small rotor tip
clearances is essential for efficient fan design.

4. Further research is needed for the development of airfoil
sections sspec:la.l‘.ly sultable fgr use in high-speed high-solidity
rotora,

5. The losses in internal cooling power et high a.ltitude are
large when the cooling is margina.l .

6. An axial-flowv fen more than pays for 1tselr in cooling
Power saved when cooling conditions are marginal.

Langley Memorial Aeronautical Laboratory
- National Advisory Camittee for Aeromautics

Langley Fleld, Va.
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TABLE I - FAN PERFORMANCE BASED ON
MAXIMOM-LIFT AND COMPRESSIBILITY

CRITERIONS

Fan wR ADg Rota- |Pressure|Input |Rffi-
arrange-|N, = —2 ope -(—-) tionel| rise clency
ment Ve i Qg 4| speed |(in. of ; (np) |(per-

(rpm) | water) cent)

Stator-

rotor 2.12 2.17 2700 8.1 120| 85.5
Rotor-

stator 2.61 2.40 3310 9.1 133]| 85.6
Rotor

alone 2.6 2.40 3310 7.9 133} 75.1

National Advisory Committee
for Aeronautics
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TAﬁiE IT - IILLUSTRATIVE FAN DESIGN - STATOR-ROTOR COMBINATION
[NACA 6512 blede section]

Fan quantity

Source Calculated
_ values
Rotor, 32 blades
X = = 0.776| 0.888| 1
Ro
r, ft -1.552| 1.776] @
N =‘%£ 1.649] 1.885|2.122
f
Ofczr Fig., 4 0,595| 0.4810.396
0y 0.85| 0.85| 0.85
Chord, ¢y, in. from
Op and 32 blades 3.11 3.56] 4.01
¢l for constant cp, [Fig. 4 or 0.7 0.566{0.466
1 |1 equation (23)
W/ Vg Fig. 5 2.22| 2,391] 2.58
Apg
— = o Equation (40) | 2.170! 2.170{2.170
\ 4 /4 £y
Aps Vg
< q ) = 9%, Vo See stator
tlag £ “date 0.0174/0,0151}0,0133
(cds = 0,013, assumed)
Apg Vp
—_ - c P
(qf>d T Ty
r Equation (19) | 0.0245|0.0264{0.0285
(ca, = 0.013, assumed)
App
(—-—-—) for 2.78-percent| Feg, 3 0.180 0.180{0.180
af/, clearance
|

National Advisory Committee

for Aeronautics
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TABLE II - ILLUSTRATIVE FAN DESIGN - Continued.

Calculated

Fén quantity Source
values
Rotor, 32 blades
U T\ ar
resultant 1 1.9481.948{1.948
(), (5), (%), |
Wee/, "\Vap/), o
Nefag \ /g, \ el |
Apg, 1in. water 8.14| 8,14| 8,14
e Equation (12) 1.365/1.207{1.090
Section efficiency,
percent,
Apyp
—ar Equation (15) 86.6| 85.6|( 84.2
n = f/resultant
NcT
Output, QApse, hp 102.5
Output
Input = h 120
i Av, efficlency’ P
Mean flow, deg,
. Fig. S 26.77124.71122.82
§ = sin~l 1
o i/ Vg
p - § with no inter-
ference corrections f Equation (34) 7.11} 5.74 4.74
and % and ag = 5.65
B measured from zero-lift
line 33.88|30.45 |27.56
B' measured from chord line
for %, = 6.2° 27.68124.25121.36

National Advisory Committee
for Aeronautics
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TABLE II ~ ILLUSTRATIVE FAN DESIGN - Concluded.

44

Fan quantity Source Calculated
values
Stator, 39 blades
x = r/R, 0.776} 0.888] 1
(Avs/ag)
%? - ___gg.f_i Equation (25) 0.329| 0.288{0.2555
Og assumed to give
reasonable Clg 1.275| 1.116! 0.990
Chord, cg, 1in. from Og4
and 39 blades 3.83| 3.83] 3.83
7s 0.516| 0.516{ 0.516
Wg / g 2
= N/l + (%T) Equation (16) 1.051|1.0405| 1.031
f
2Yg .
¢y = Equation (8) 0.981) 0,991 1
38 WS/Vf
Ap W
(_€£> s%a, T Equation (17) | 0.0174]0.0151|0.0133
f d‘s
P e §
$ = sin , deg 72.0| 73.75] 75,70
WS/Vf
% po?
% Do° for D = 0.08 0.0682 {0.0524|0.0411
f ‘\ 0.58{ 0.62{ 0.66
5 for a, = 5.65 2.88| 2,11| 1.55
6+5-8 17.41| 16.44| 15.55
B 57.471 59.42| 61.70
8' for a; = 6.2° 63.67 | 65.62| 67.90

National Advisory Committee
for Aeronautics
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TABLE III - ILLUSTRATIVE FAN DESIGN - ROTOR~-STATCR
COMBINATION

[NAcA 6512 blaede section]

Fan quantity Source Calculated
values

Rotor, 32 blades

X = ﬁl 0.776] 0.888 1
(o]
r, ft 1.552| 1.776 2
wr
N.or 2.022| 2.318| 2.609
Ve
opcy,, Fig. 6 0.595| 0.455| 0.358
Oy 0.85! 0.85| 0.85
Chord, ¢y, in. from O,
and 32 blades 3.11] 3.58| 4.01
f tant JFig. 6 or 0.7| 0.5: .
¢, Yor constan cpfi !\gquation (31) 0.536( 0.421
w./Ve Fig. 7 1.994| 2.287| 2.58
Ap
<;-£> = Cp Fquation (40)|2.404! 2.404] 2.404
q f3
£/4
Ap w
), -o=e® ]
a4 £ | See stator 60157 0.0136]0.0120

(cgq = 0.013, assumed) data

App Vr

(—-) = CSI'cdr T

ar/s £
r 0.0220}0.0253]0,0285

(cdr = 0.013, assumed) | Equation (27) ]

National Advisory Committee
for Aeronautics
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TABLE IITI - ILLUSTRATIVE FAN DESIGN - Continued.

.Fén Quantity Source Calculated
values
Rotor, 32 blades
Apf)
—_ for 2.78-percent
( ar /i clesrance Fig., 3 0.200}{0.200{0.200
Apf
P 2.166(2.166/2.163
£ resultant

Apg, 1in. water 9.06| 9.08| 9.05
Cp Equation (28)| 1.227{1.090(0.990
Section efficiency, percent,

Apf

P Equation (15) 87.2| 85.8} 83.8

_ f/resultant
NCT
Output, QAPy, hp 115
Input = Output/Av. effi-
clency, hp 133
$ = ein"l —3 . deg Fig. 7 30.13(25.94 (22,81
wr;vf

B-@ for a, =5.65 Equation (34)| 7.11| 5.44| 4.28
B 37.24131.38(27.09
B* for aj. = 6.20 31.04125.,18120.89

National Advisory Committee

for Aeronautics
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TABLE IIT - ILLUSTRATIVE FAN DESIGN - Concluded.
Fan quantity Source Caloulated
values
Stator, 39 blades
x 0.776] 0.888 1
(Apg/ag)
A U S From rotor 0.297| 0.260| 0.231
a 4N calculations
oy (assumed) 1.159| 1.015| 0.901
Chord, cg, 1in: from og 3,49] 3.49| 3.49
and 39 blades '
7s 0.513| 0.513| 0.513
W 2
B _ .14 /19) 1.041! 1.032] 1.026
Vs \2
275 .
€1y = Equation (8) 0.986] 0.995 1
ws/vf
Apg Yg .
—_— OgCq 7o Equation (29) (0.0157(0.0136(0.0120
ap ds 8 V¢
- sin~l 3 -
# = sin Wi 73.69| 75.51! 76.90
X o2 | 0.0562 0.0432 |0.0340
8 L Fig. 8 and ' ' !
f for D = 0.08 equations (35)1! 0.525] 0.58] 0.83
) “f and (36) 0.87{ 0.45| 0.31
B-P-5 19.421 17.68| 16.31
B 93.78| 93.64 | 93.52
B for a; = -6,2° 87.58| 87.44 | 87.32

National Advisory Committee

for Aeronautics
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TABLE IV - ILLUSTRATIVE FAN DESIGN -~ ROTOR ALONE

[WacA 6512 blade section; 32 blades]

'Fan quantity Source Calculated
' values
AN

X
r
N
Oyoq > (a) (a) | (a) | (2)
OI‘
Cp
C

ZI‘
Wr/Vf /

—— c for rotor-

ar Py

i i 2.404{2.404]2.404
stator
qf’rotational ener
: (Ane/as) & Equation (33)]0.353|0.2700.212
e (70)? ol T4
2N |

8ame as in table III.

National Advisory Committee
for Aeronautics

48



NACA ARR No. L4Ille

TABLE IV - TLLUSTRATIVE FAN DESIGN - Concluded.

Fan quantity

Source

Calculated
values

Ape) )
('a';)
(Az }L } (b)

(52

resultant

H:

L

AP, in., water
e
Section efficiency, 1

Output, Q(Aps)

av hp
Input = Av, gggﬁgzency
¢
B-$
B
B

hp

(b)

L)

7 (a)

0.022{0.025(0.029

0.2001{0.200{0.200

1.82911.90941,963

7.64) 7.98% 8.20
1.227(1.080{0.590

73.6| 75.8] 76.0

100

133

(a)] (a)| (a)

8Same as in teble IITI.

brormulas and references same as in table IIT.

National Advisory Committee

for Aeronautics
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NACA ARR No. L4Ille . Fig. 1
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Figure 1l,-~ Typical axial-flow-fan stage.
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Fig. 2 NACA ARR No. L4Ille

-

wpr

NATIONAL ADVISORY
COMMITIEE FOR ALRONAUTICS

Figure 2., = Rotor forces and velocities.
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Figure 10.- Turbine action.

*814

ot

"ON H¥V VOVN

STTIPT



—
ay
]
\

NACA ARR No. L4Ille Fig. 1lla,bd

NATIONAL ADVISURY
COMMITTEE FOR AERONAUTIZS

Far
L/ffuser . Ex/?
B, Vo Cooling resrsiarnc P
0 fr| fz2 1/ 2 ,/"36/””3}, , A,
—_——— /
\\

(a) Pan ahead of cooler,

Cooling resistance it
X/

y Lar— Orffuser
Ao ) Yo Lo, b4
o / 2 3e A1) Fz 3 /4

—_ > /
— 4 o

(b) Pan behind cooler.

Figure ll.- Schematic cooling installation,
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